Two new neodymium molecular magnets of formula {[Nd(α-fur) 3 (H 2 O) 2 ]·DMF} n (1) and {[Nd 0.065 La 0.935 (α-fur) 3 (H 2 O) 2 ]} n (2), α-fur = C 4 H 3 OCOO, have been synthesized. In (1) the furoate ligands, in bidentate bridging mode, consolidate zig-zag chains running along the a-direction. Compound (2) is a magnetically diluted complex of a polymeric chain along the b-axis. Heat capacity, dc magnetization and ac susceptibility measurements have been performed from 1.8 K up to room temperature. Ab initio calculations yielded the gyromagnetic factors g x * = 0.52, g y * = 1.03, g z * = 4.41 for (1) and g x * = 1.35, g y * = 1.98, g z * = 3.88 for (2), and predicted energy gaps of Δ/k B = 125.5 K (1) and Δ/k B = 58.8 K (2). Heat capacity and magnetometry measurements agree with these predictions, and confirm the non-negligible transversal anisotropy of the Kramers doublet ground state. A weak intrachain antiferromagnetic interaction J'/k B = −3.15 × 10 −3 K was found for (1). No slow relaxation is observed at H = 0, attributed to the sizable transverse anisotropy component, and/or dipolar or exchange interactions enhancing the quantum tunnelling probability. Under an external applied field as small as 80 Oe, two slow relaxation processes appear: above 3 K the first relaxation mechanism is associated to a combination of Orbach process, with a sizeable activation energy U/k B = 121 K at 1.2 kOe for (1), Raman and direct processes; the second, slowest relaxation mechanism is associated to a direct process, affected by phonon-bottleneck effect. For complex (2) a smaller U/k B = 61 K at 1.2 kOe is found, together with larger g*-transversal terms, and the low-frequency process is quenched. The reported complexes represent rare polymeric Nd single-ion magnets exhibiting high activation energies among the scarce Nd(III) family.
Introduction
Single-ion magnets (SIMs), single-molecule magnets (SMMs) and single-chain magnets (SCMs) are being intensively investigated owing to their interesting physics (including slow relaxation of the magnetization, magnetic hysteresis and quantum tunneling), and potential application in high-density data storage or quantum information.
Some heavy lanthanide(III) ions are especially well suited for the design of molecular magnets because of their large magnetic moment (Gd, Tb, Dy, Ho, Er, Tm and Yb), on one hand, and the unquenched orbital moment, which leads to a strong magnetic anisotropy (Tb, Dy, Ho), on the other, when the ions are placed in an anisotropic ligand field. 1 The light rare earth are less likely to present SMM behavior since their magnetic moment is lower, although anisotropy may also be present in Pr, Nd and Sm. The quantum number J is L + S for heavy-Ln(III) ions and L-S for light-Ln(III) ions. Therefore, research of Ln-SMMs has hitherto focused on complexes based on heavy lanthanide ions, mainly Dy 3+ (L = 5, S = 5/2, J = 15/2), Tb 3+ (L = 3, S = 3, J = 6) and Er 3+ (L = 6, S = 3/2, J = 15/2).
Work on light Ln-SMMs is still rare. 2 However, they are receiving growing attention given that earlier lanthanide ions are substantially more abundant, cheaper and thus more interesting for the sustainable development of applications 3 In particular, Nd(III) Kramers ion, with an oblate electron density and a 4 I 9/2 (L = 6, S = 3/2, J = 9/2) free ion ground state, may introduce a significant anisotropy, if the crystal field is designed such that the ground ±M J doublet is stabilized well below the first-excited one. 4, 5 Neodymium single molecule magnets are however relatively rare (see review in Table 1 ). The first Nd-SIM reported in 2012, [NdTp 3 ], exhibited field-induced relaxation with a small thermal activation energy of U/k B = 4.1 K (100 Oe). 6 Eight field-induced Nd-SIMs 3,7-12 and three dimeric {Nd 2 } complexes [13] [14] [15] with higher barrier energies have been reported ever since, with POM derivative [Na 9 Nd (W 5 O 18 ) 2 ] 9 − holding at present the record U/k B = 73.9 K (1 kOe). 16 On the other hand, our group reported in 2014 the first polymeric Nd complex, based on cyanoacetate ligands, [Nd 2 (CNCH 2 COO) 6 20 There are also a few examples of heterometallic SMMs, combining [Mn/Nd], [21] [22] [23] [Ni/Nd], 24 [Co/Nd], 25 [Zn/Nd], 4 in which the neodymium atom plays a secondary role, increasing the anisotropy. Notably, slow relaxation under zero dc bias field has been observed only in one case. 7 This may be explained in terms of the large transversal components of the Nd g*-factor, favoring fast relaxation through quantum tunneling at H = 0. 17 Herein we present the synthesis, structural and magnetothermal characterization of two new Nd-based polymeric complexes, {[Nd(α-fur) 3 (H 2 O) 2 ]·DMF} n (1), and the non-isostructural, magnetically diluted {[Nd 0.065 La 0.935 (α-fur) 3 (H 2 O) 2 ]} n (2), where α-fur = C 4 H 3 OCOO. Compound (2) is designed to determine single-ion relaxation in absence of Nd-Nd interaction, in contrast to (1) where Nd-Nd interaction may play a role.
0-D
In previous works we demonstrated that furoate ligand, in bridging mode, can be successfully used to form 1D polymeric chains of rare earths. This allowed us to synthesize different isostructural homonuclear {Ln(α-fur) 3 (H 2 O) 3 } n complexes with either Kramers (Dy) 29 or non-Kramers (Tb) 30 4 } n (Ln = Dy, 27 Tb 28 ). As a result, we were able to elucidate their different dynamic behavior depending on the Kramers or non-Kramers character of the magnetic Ln and the Ln-Ln interactions.
In this work, the crystal structure, static and dynamic magnetic properties of the two new Nd molecular magnets (1) and (2) are determined and discussed under the light of ab initio calculations of the energy level distribution.
Methods

Synthesis
All chemicals were used as received. Syntheses were performed under aerobic conditions. {[Nd(α-C 4 H 3 OCOO) 3 (H 2 O) 2 ]·DMF} n (1). This compound was prepared as follows: an aqueous solution (10 ml) of Mg(α-C 4 H 3 OCOO) 2 ·4H 2 O (3 mmol) was added to an ethanol solution (10 ml) of Nd(ClO 4 ) 3 ·8H 2 O (3 mmol). The reaction mixture was stirred for 30 min to afford a pink solution. After filtration, the solution was allowed to stand undisturbed for 5 days, and the resulting pink microcrystals were collected by filtration. Crystals suitable for X-ray analysis were obtained (in ca. 75% yields) by re-crystallization from a DMF solution of the pink microcrystals. Calc. for (C 18 
Experimental methods
Elemental analyses (C, H, N) were performed on an Elemental Analyzer vario EL(III). IR spectra of polycrystalline samples were recorded on a Perkin Elmer spectrum 100 FT IR Spectrometer in the range 4000-400 cm −1 . The X-ray fluorescence technique (XRF, Bruker M4 TORNADO Micro-XRF spectrometer operated at 50 kV and 300 μA with Rh as target) was used to determine the purity and ratio between neodymium and lanthanum in complex (2) .
Single crystal X-ray analysis was performed on the crystal with a size of 100 µm specimens selected from the bulk. Sets of single-crystal X-ray intensity data were collected at room temperature (∼298 K) with Mo-Kα radiation (APEX CCD diffractometer Bruker Inc., Madison, USA, λ = 0.71073 Å) in φand ω-scan modes with at least 700 frames and exposures of 20 s per frame. The reflection intensities were integrated with the aid of the SAINT program of the SMART 31 software package over the entire reciprocal space. Empirical absorption corrections were accomplished using the program SADABS. 32 The structure was solved by direct methods using Olex2 33 software with the SHELXS 34 structure solution program and refined by full-matrix least-squares based on and refined by full-matrix least-squares on F 2 with SHELXL-97 34 using an anisotropic model for non-hydrogen, atoms. All H atoms attached to carbon were introduced in idealized positions (d CH = 0.96 Å) using the riding model with their isotropic displacement parameters fixed at 120% of their riding atom. Positional parameters of the H (water) atoms were obtained from difference Fourier syntheses and verified by the geometric parameters of the corresponding hydrogen bonds.
The magnetization, dc and ac susceptibility of powdered samples were measured, above 1.8 K, using a Quantum Design superconducting quantum interference device (SQUID) magnetometer. Ac measurements were done at an excitation field of 4 Oe, and under dc fields between 0-30 kOe, while sweeping the frequency between 0.1 and 1000 Hz. Additional ac measurements at 1.2 kOe, at temperatures in the range 2.2 K < T > 5.6 K in an extended frequency range, 90 < f < 10 000 Hz, were performed in a Quantum Design PPMS ACMS magnetometer. Measurements on powdered samples were done with the addition of Daphne oil, introduced to fix the grains at low temperatures.
Heat capacity C(T ) under different applied fields (0-30 kOe) was measured on a powder pressed pellet fixed with Apiezon N grease, using the same PPMS.
Simulation methods
Relativistic ab initio calculations were performed using the CASPT2/RASSI-SO 35 method as implemented in the MOLCAS 7.8 package. 36 This relativistic quantum-chemistry approach has proven suitable to analyse the magnetic anisotropy and direction of the easy axis of magnetization (EAM) of lanthanide ions. 37 The atomic positions were extracted from the X-ray crystal structure. The cluster model for complex (1) includes the studied Nd ion, its ligands, 5 furoate molecules and two waters, and the closest C 3 H 7 NO moiety. The model also includes two La(III) ions in the position of the two neighbour Nd(III) ions and the ligands of these two Nd(III) ions, where the furoate moieties have been replaced by formate ions. As for complex (2) 
Structural characterization
The main crystallographic data together with refinement details are summarized in Table 2 . The supplementary crystallographic data for this contribution are contained in CCDC-1914212 (1) and CCDC-1914213 (2). † Fig. 1 (left) shows the structure of complex (1) . The distorted square-antiprism coordination environment of each Nd(III) ion is shown in Fig. 1a . Each Nd is coordinated to 8 oxygen atoms, supporting five α-furoates in different coordination modes: one furoate is a bidentate-chelating ligand coordinating O4,O5, while two pairs of furoates in bridging mode, coordinated with O1,O2 and O7,O8, consolidate the Nd ions into a chain, running along the a-direction (Fig. 1b) .
The Nd-Nd distance between O1,O2-bridged and O7,O8bridged Nd pairs is slightly different, 5.0453(9) Å and 4.8401(9) Å. The coordination sphere is completed by two O1w,O2w; these water molecules are linked through H bridges to a C 3 H 7 NO moiety. The structure of the complex unit cell is shown in Fig. 1c . The 1D polymeric chains running along the a-direction are contained within the ab-planes, separated by an inter-chain distance of 11.292 Å. It is noted that the structure of this polymeric complex is slightly different from that of our previously reported linear Dy 29 and Tb 30 furoates, and that in complex (1) all Nd sites are equivalent.
The diluted furoate complex of neodymium (6.5%)-lanthanum (93.5%), complex (2) shown in Fig. 1 (right) , is isostructural to previously described [Ln(α-fur) 3 (H 2 O) 2 ] n , for large lanthanide ions Ln = Pr, 38, 39 Ce 39 and La. 39 Each Nd is nine-coordinated to 9 oxygen atoms: the pairs (O4,O5) and (O1,O2) support two α-furoates in bidentate mode, while O7 and O8C support each an α-furoate in bridging mode coordinating with a neighbor Ln atom; O2, O2B provide coordination with the closest Ln ion, and O10, O11 are free (Fig. 1d) . The resulting structure of complex (2) is a polymeric chain running along the b-axis, where two Ln-Ln atoms are coupled through two branches to the next two Ln-Ln atoms, where Ln = La or Nd (see Fig. 1e ). 
where n is the number of reflections and p is the total number of parameters refined. 
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Ab initio calculations
Nd(III) has a free ion 4 I 9/2 ground state (S = 3/2, L = 6, J = 9/2), which is split by ligand field into five Kramers doublets. The lowest doublet is the only one populated at temperatures of the order of a few K. Relativistic ab initio calculations were performed to determine the energy level structure of Nd(III) in the two studied complexes, the main axes of the g*-tensor for its doublet ground state, and the direction of the Easy Axis of Magnetization (EAM). Ab initio calculations yield an energy multiplet structure composed by five Kramers doublets in a range of 500 K for the two complexes, as shown in Fig. 2 . The calculated eigenstates of Nd(III) in the two complexes, in terms of the weighted contribution of the free ion ±M J states, is given in Table S1 . † The Hamiltonian of the polymers, consisting of a Nd chain of identical ions is:
where the first term corresponds to the single-ion ligand field interaction, the second encompasses the exchange and dipolar interactions between the Nd total angular momentumJ, the third is the Zeeman interaction with the external fieldH, and:
is the spin-nucleus hyperfine interaction within each Nd, where I = 7/2 is the nuclear moment of the stable isotopes 143 Nd and 145 Nd with natural abundances f 1 = 0.122 and f 2 = 0.083, respectively. The average value for the hyperfine constant A p , weighed by f p , has been used. The actual constants are detailed below in section 5.
Although the ab initio calculations and their predictions have been done using the full J, M J states, the calculated values for the ground state anisotropic g* factors, are expressed in terms of an effective spin S* = 1/2 restricted basis. The interaction constant expressed in terms of the S* = 1/2 model is related to the J = 9/2 basis by the relation J′* = 81J′. In terms of the effective S* = 1/2 description, the first term of eqn (2) for a given isotope transforms into:
The results in terms of S* = 1/2 model are: for complex (1) the first excited doublet is at Δ/k B = 125.5 K, and the g* factors are g x * = 0.52, g y * = 1.03, g z * = 4.41. For complex (2) the energy gap is smaller, Δ/k B = 58.8 K, as a result of a less anisotropic ground state: g x * = 1.35, g y * = 1.98, g z * = 3.88. The EAM of magnetization in the two compounds are depicted in Fig. 2 .
Besides, the Nd-Nd dipolar interaction for complex (1) is calculated with the Nd moment as a classical vector oriented along the predicted direction (see Fig. 2a ). The calculation predicts the value J′ dip /k B = −6.5 × 10 −4 K or −1.3 × 10 −3 K, for the Nd-Nd distances 5.045 Å and 4.840 Å, respectively, when the dipolar interaction contribution to the Hamiltonian is expressed as H dip ¼ À2J′ dipJ1 ÁJ 2 . For complex (2) , the Nd-Nd interaction is neglected because of the strong magnetic dilution.
Static results
Magnetic properties
The field-dependence of the magnetization measured for the two complexes at T = 1.8 K is shown in Fig. 3 . The M(H) data could be well fitted within the Hamiltonian model in eqn (1), with the magnetic states calculated by ab initio method (Table S1 †), and the intrachain Nd-Nd interaction J′/k B = −3.15 × 10 −3 K.
The equilibrium dc susceptibility as a function of the temperature for complex (1) from T = 1.8 K to 300 K is shown in Fig. 4 . The room temperature saturation value, χT (300 K) = g J 2 J ( J + 1)/8 = 1.289 emu K mol −1 , with J = 9/2, yields an experimental gyromagnetic factor g J = 0.65 smaller than the value for a free Nd(III) ion, g J = 0.727. 40 χT decreases as the temperature is reduced, as a result of the thermal depopulation of the excited doublets, and reaches 0.59 emu K mol −1 at 1.8 K.
A good fit of the χT data is achieved using the ab initio calculated wavefunctions and intrachain interaction J′/k B = −3.15 × 10 −3 K ( J′*/k B = −0.255 K in S* = 1/2). For the highly diluted complex (2), χT (T ) was measured with low accuracy due to the difficulty in subtracting accurately the sample holder signal (Fig. S1 †) . Fig. 5a shows the heat capacity (HC) as a function of temperature measured at different fields, for the two complexes. The lattice contribution to the heat capacity produces the upraise at high temperature, which follows the expected law, C L /R = A L T 3 , with A L = 1.7 × 10 −3 R K −3 . The magnetic contribution to the heat capacity, after subtracting the lattice contribution, is shown in Fig. 5b and c for complexes (1) and (2), respectively. For complex (1) at H = 0, the magnetic contribution to the low temperature HC is just a high temperature tail, C m /R ≈ BT −2 (B = 3.37 × 10 −3 R K −2 ), with an electronic contribution caused by the interaction with other Nd nearest neighbors, and a spin-nucleus hyperfine contribution, C hyp /R ≈ b n T −2 . An estimate of the constant b n ≈ 9.37 × 10 −4 R K −2 was obtained from: b n ¼ ½ðA * par =k B Þ 2 þ 2ðA * per =k B Þ 2 S * ðS * þ 1Þ I ðI þ 1Þ=9, with S* = 1/2, and values of A * par ¼ À0:03803 cm À1 , A * per ¼ 0:01989 cm À1 for 143 Nd, and A * par ¼ À0:2364 cm À1 , A * per ¼ 0:01237 cm À1 for 145 Nd, corresponding to diluted Nd ethylsulphate, used as reference, 40 and natural abundancies of 143 Nd, 145 Nd (see section 4). The estimated hyperfine contribution is represented by the dashed line in Fig. 5b .
Heat capacity
For the 6.5%Nd complex (2), where Nd-Nd interactions are negligible, the observed HC at H = 0 is indeed compatible with the existence of such a hyperfine contribution, as shown in Fig. 5c .
The electronic contribution associated to Nd-Nd coupling in complex (1) after subtracting the hyperfine contribution is C elec /R ≈ 2.46 × 10 −3 T −2 , depicted in Fig. 5b .
At H ≠ 0, Schottky type anomalies show up. The in-field heat capacity data could be well fit under the model described by eqn (1), with the ab initio-calculated gyromagnetic values, neglectable hyperfine term, and intrachain interaction of J′/k B = −3.15 × 10 −3 K (J′*/k B = −0.255 K in S* = 1/2) for complex (1) and J′/k B = 0 K for the diluted complex (2), see Fig. 5b , c. According to the ab initio calculations, about 30% of the J′ Nd-Nd interaction in (1) is caused by the dipolar one.
Dynamic results
AC susceptibility measurements at varying frequency, as a function of temperature and magnetic field, were performed to study the dynamic behavior of (1) and (2) .
For the two complexes, at H = 0, no contribution to χ″ could be observed above 1.8 K, implying that there exists a relaxation process, related to Quantum Tunneling (QT) with τ QT < 10 −5 s faster than the frequency window of our experiment (0.01 < f < 10 kHz). In a Kramers Nd(III)-based complex, QT would be in principle forbidden, however, it can be enabled by the existence of a non-zero dipolar field that splits the Kramers degeneracy, and/or by the transverse components of the g* tensor.
The application of an external field H ≠ 0 detunes the QT process, and allows the observation of slow relaxation dynamics. Fig. 6 (top panel) summarizes the ac results for complex (1) . Fig. 6c shows the imaginary susceptibility χ″( f ) data measured at T = 2.0 K and different fields. The application of a field as small as 50-80 Oe sets on a slow relaxation process at high frequencies (τ HF ), whose associated peak χ″ grows in intensity till reaching a maximum at 1.2 kOe, and then decreases again for higher fields. At H > 2.5 kOe a second relaxation process (τ LF ) with smaller intensity at lower frequencies appears. The double-peaked χ″( f ) data observed at constant field H = 10 kOe and varying temperatures, Fig. 6b , evidence the existence of two different slow relaxation paths above 1.8 K, (τ HF ) and (τ LF ). At H = 1.2 kOe, however, only one χ″( f ) peak appears, corresponding to the higher frequency process (τ HF ), see Fig. 6a . Fig. 6 (bottom panel) shows the ac results for complex (2) . The χ″( f, T ) data at constant field H = 1.2 kOe ( Fig. 6d ) and H = 10 kOe (Fig. 6f ) evidence that in the 6.5% Nd-diluted sample the τ HF peak appears at lower frequencies, whereas the τ LF peak is not observed. Fig. 7 shows the dependence of the relaxation time with the inverse temperature, τ(1/T ), and the magnetic field, τ(H), for the different observed processes, determined from the position of the χ″( f ) peaks, for the two complexes.
The high frequency relaxation process, τ HF (1/T ), in the 6-8 K temperature range follows an Arrhenius law, τ = τ 0 exp(U/ k B T ), indicative of thermally activated spin-reversal over an energy barrier, with an estimated value U/k B = 74.6 K (τ 0 = 5.19 × 10 −11 s) for (1) and U/k B = 52.1 K (τ 0 = 1.90 × 10 −10 s) and for (2) . However, a pronounced curvature in τ HF with decreasing temperature is observed, revealing the presence of additional relaxation pathways, also facilitated by phonons. Besides, the fast decay of the relaxation time observed for growing fields, especially for (2), points towards a relevance of direct processes. Therefore, we analysed altogether the field and temperature dependence of the relaxation data using the equation:
where the first term represents the field dependence of the QT process, the second one the direct process for a Kramers ion without hyperfine interactions, the third one is the direct process for a Kramers ion in the presence of hyperfine interaction, the fourth accounts for Raman relaxation, and the last for Orbach relaxation. 40 To avoid over parametrization, we first fit the τ HF (H) data to determine B 1 , B 2 , D 1 , D 2 ; then fit the τ HF (1/T ) curves at two fixed fields (H = 1.2 kOe and 10 kOe) to obtain the Raman (C, n) and Orbach (τ 0 , U) parameters. 41 The τ(H,T ) curves could be well reproduced, see Fig. 7 , using the fitting parameters summarized in Table 3 . For both compounds, the determined Orbach activation energies, U/k B = 121 K (1) and U/k B = 61 K (2), are close to the ab initio calculations. The Raman exponent for the two compounds was n ≈ 5 (1) and n ≈ 9 for (2), within the range of values usually reported for Nd ions. 3, 10, 13, 20 Regarding the τ(H) dependence, some distinct differences are found for the two complexes: the τ QT term is much smaller for the diluted compound (2) than for (1), as a result of the reduced interactions. Yet, even for (2) it is necessary to apply a small field to suppress completely QT, which is still favored by the transversal component of the ground state. The field strength at which slow processes appear allows us to estimate the internal dipolar field. Indeed, the tunneling time depends on the distribution of dipolar (or exchange) energy bias P(ξ dip ) and on the quantum tunnel splitting Δ T : 42
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The energy bias distribution may be approximated to a Gaussian, with Pðξ dip ¼ 0Þ ¼ 1= ffiffiffiffiffi ffi 2π p σ ξ dip , where the width σ ξ dip can be estimated from the condition σ ξ dip ≈ k B T N . At H ≠ 0, the QT probability decreases as the Zeeman energy bias moves the tunneling energy window out of the dipolar energy bias distribution. We may consider that for an external field given by H ≈ 2σ dip,z , QT is suppressed. In complex (1), the slow relaxation process appears at about 50-80 Oe. Therefore, the width of the bias field is estimated to be σ dip,z = H dip,z ≈ 25-40 Oe Note that this dipolar field would imply that magnetic ordering transition, if present, would occur at k B T N = σ ξ dip = σ dip,z /g z *μ B ≈ 0.01 K, i.e. below the range of our measurements. Indeed, no ordering was observed in the C m (T ) curves down to the smallest measured temperature, 0.3 K.
At high fields the QT is effectively suppressed and the direct process becomes dominant. For compound (2) , it is found that eqn (4) is nicely verified in both H and T dependences. Indeed, τ HF decreases as H −4 , as predicted for a Kramers doublet with a negligible effect due to hyperfine interaction (D 1 ≠ 0, D 2 = 0).
In contrast, for compound (1), either the τ HF (H) or the τ HF (1/T ) dependencies with (D 1 = 0, D 2 ≠ 0) could be fit, but not with the same set of parameters (Table 3) . We note that also in previously reported Nd compounds the relaxation field dependence was not well explained by eqn (4). 4, 10 Since from compound (2) we may conclude that hyperfine effects are weak or negligible, the τ HF decrease with H −2 cannot be caused by this effect. The discrepancy in the H and T parameters for compound (1) is probably caused by the effect of Nd-Nd interactions, which are completely neglected in the approximations implicit in eqn (4). For example, considering interactions as an additional effective internal field, its effect, according to eqn (4), would be the decrease of τ HF (H) of (1) compared to the diluted (2), as is qualitatively found.
On the other hand, the τ LF (1/T ) and τ LF (H) dependencies of the very slow process observed for complex (1) are characteristic of a direct process affected by phonon-bottleneck (PB) effect, a mechanism that we have commonly encountered in polymeric furoate complexes. [27] [28] [29] [30] 43 The PB effect was indeed Table 3 Fit parameters for data shown in Fig. 7 
